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POLYPHASE FILTER COMBINING VERTICAL PEAKING 
AN D SCALING IN PIXEL-PROCESSING ARRANGEMENT 

Field of the Invention 

The present invention is directed to video signal processing and, more particularly, to 
video signal processing which employs a vertical pixel signal processing block, such as a 
polyphase filter. 

Background 

Computer arrangements, including microprocessors and digital signal processors, have 
been designed for a wide range of applications and have been used in virtually every industry. 
For a variety of reasons, many of these applications have been directed to processing video 
data and have demanded minimal levels of power consumption and compactness. Some 
applications have further demanded a high-speed computing engine that can perform 
effectively on a real-time or near real-time basis. Many of these video-processing applications 
have required a data-signal processing circuit that is capable of performing multiple functions 
at ever-increasing speeds. 

Increasing the power and versatility of such computing engines, however, can 
undermine other important goals. For example, faster computing engines consume more 
power and circuit real estate, whereas the ideal engine minimizes both power consumption 
and the amount of circuitry required to implement the computing engine. 

Moreover, providing versatility and high power typically exacerbates the circuit real 
estate problem by requiring various types of processing circuitry, each specialized and 
selectively activated for different processing functions. This phenomena can be appreciated 
when comparing, for instance, relatively-slow general-purpose processing in video 
applications versus specialized video-signal filter processing used for compressing and 
decompressing video data in real time. Because the specialized processing circuitry is 
typically optimized to keep up with the real-time speeds of the video data, it is often difficult 
to provide a single video-data processing circuit that is adequately versatile without providing 
seemingly excess circuitry useful only for limited applications. 
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Many video-signal processing applications employ specialized video-signal filters for 
vertical signal processing. Vertical signal processing consists of two operations, vertical 
peaking and vertical scaling. Vertical peaking involves processing pixel data to compensate 
for information lost due to up-sampling conversion, and a peaking filter enhances the . 
sharpness impression for vertical details in video images. Vertical scaling involves 
processing pixel data, using a specialized video-data filter known as a "polyphase" filter to 
perform sample rate conversion to resize images by manipulating pixel data stored to 
represent the horizontal and vertical lines used to refresh the display. In such applications, 
expansion or up-sampling ("zoom-factor" greater than one) conversion is achieved by 
increasing the ratio of the number of output pixels to the number of input pixels; whereas, 
compression or down-sampling ("zoom-factor" less than one) conversion is achieved by 
decreasing the ratio of the number of output pixels to the number of input pixels. For video- 
data expansion, a polyphase filter typically receives the data representing multiple pixels at a 
first rate (e.g., two pixels per cycle), and processes the pixel data by circulating it through line 
buffers as a function of the scaling factor. The line buffers are adapted to decouple the 
incoming pixel data, which can be received at rate different than the rate at which the 
polyphase filter processes the data (e.g., one pixel per cycle). 

FIG. 1 illustrates a conventional vertical signal processing arrangement having a 
vertical peaking circuit and a vertical scaling circuit arranged in cascade. An up conversion 
unit, having an output rate of 2 pixels per cycle, provides pixel data to a vertical peaking 
circuit for processing. Several line buffers are available to hold and de-couple pixel data for 
the vertical peaking circuit's pixel data input rate. For example, received pixel data is 
decoupled by double-buffering the data in the first two buffer lines. In a specific example, the 
length of each line buffer is adequate for storing pixel data corresponding to 128 pixels, and 
two lines of pixels are used to start the vertical peaking process thereby providing a pixel 
latency of 128 cycles. The vertical peaking circuit uses a 3-tap filter, functionally [-c l+2c -c] 
where c is programmable. By adjusting the value of "c," the peaking filter manipulates the 
pixel data to produce image sharpening or blurring. The peaking filter processes 3 buffer 
lines of pixel data, 2 lines holding circuit input data and the other line holding data from 
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mirroring operations. The output rate of the vertical peaking circuit is reduced to 1 pixel per 
cycle due to bandwidth requirements. 

The vertical scaling circuit receives pixel data from the vertical peaking circuit at a 
rate of 1 pixel per cycle into 3 lines of a 7-line buffer, each buffer line also having a length 
adequate for storing the data corresponding to 128 pixels. Pixel latency time is 384 cycles. 
Along with the vertical peaking circuit buffer pixel latency time of 128 cycles, total vertical 
signal processing pixel latency time is 512 cycles. Vertical scaling operations use a 6-tap, 64 
phase polyphase filter. The polyphase filter processes 6 lines of pixel data, 3 lines holding 
circuit input data and 3 lines holding data from mirroring operations. Any phase change is 
determined by the location of output pixels for various scaling ratios. Processed pixel data is 
output from the vertical scaling circuit at a rate of 1 pixel per cycle. 

Synchronization signals are used between control logic for the vertical peaking circuit 
and control logic for the vertical scaling circuit to coordinate data transfer between the circuits 
and prevent overriding preceding pixel data. The interconnection between the two functional 
units raises synchronization problems. Frequent update requests and long input stall times 
occur due to variable scaling ratios. 

With an ongoing demand to increase throughput, there is a need for a pixel-data 
processing circuit and method that further minimizes circuit real estate requirements and 
address the aforementioned problems, as well as other related problems. The present 
invention is directed to a circuit and method for performing the above-mentioned video-signal 
processing operations while decreasing the amount and types of circuits required to 
implement pixel-data peaking, scaling and other types of pixel-data processing. 

Summary of the Invention 

Various aspects of the present invention are directed to processing pixel data using line 
buffers for decoupling and a reconfigurable pixel-data processing circuit in which a 
convolution of peaking and scaling coefficients is used to generate a set of coefficients that 
permits a polyphase filter to perform peaking and scaling functions in one operation. 

Consistent with one specific example embodiment, the present invention is directed to 
a pixel-data processing circuit comprising: a vertical processing circuit that has a polyphase 
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filter and a line-buffer circuit, and a logic circuit that causes the vertical processing circuit to 
choose between modes of operation including one mode in which the vertical processing 
circuit performs peaking and scaling functions concurrently by using a first set of coefficients, 
the first set of coefficients resulting from a convolution of peaking filter coefficients with 
scaling filter coefficients. 

In another particular example embodiment, a vertical signal processing circuit includes 
a buffer and a polyphase filter and is adapted to simultaneously process vertical peaking and 
vertical scaling on pixel data in a first operational mode. In a first operational mode for 
vertical peaking and scaling, the embodiment includes receiving pixel data at a first rate, 
circulating the data in line buffers and filtering the circulated data through a polyphase filter 
configured with coefficients derived by convolving peaking filter coefficients with scaling 
polyphase filter coefficients, and presenting processed pixel data for storage at a second, 
different pixel rate. Using a control circuit, the pixel-data processing circuit can switch 
between operational modes by setting different coefficients for the polyphase filter circuit. 

In one particular vertical signal processing embodiment, pixels are received at a rate of 
two pixels per cycle and output to a storage unit at one pixel per cycle. 

Other example embodiments of the present invention are respectively directed to 
various other related aspects including method, circuit, and system-based implementations of 
such processing. 

The above summary of the present invention is not intended to describe each 
illustrated embodiment or every implementation of the present invention. The figures and the 
detailed description that follow more particularly exemplify these embodiments. 

Brief Description of the Drawings 

The invention may be more completely understood in consideration of the following 
detailed description of various embodiments of the invention in connection with the 
accompanying drawings, in which: 

FIG. 1 is a diagram of a conventional pixel-data processing circuit having a discrete 
vertical peaking and vertical scaling units arranged in cascade; 
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FIG. 2A-C are diagrams illustrating an equivalent representation of cascade filters 
according to the present invention; 

FIGs. 3A-D are diagrams of example embodiments of coefficient tables for a 
polyphase filter according to the present invention; and 

FIG. 4 is a diagram showing one example embodiment of a pixel-data processing 
circuit having a polyphase filter combining peaking and scaling according to the present 
invention. 

While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be described in 
detail. It should be understood, however, that the intention is not to limit the invention to the 
particular embodiments described. On the contrary, the intention is to cover all modifications, 
equivalents, and alternatives falling within the spirit and scope of the invention as defined by 
the appended claims. 

Detailed Description of Various Example Embodiments 
The present invention is believed to be highly applicable to methods and arrangements 
for vertical pixel-data processing, and in applications that would typically use vertical peaking 
and vertical scaling units arranged in cascade. The invention has been found to be particularly 
advantageous for pixel processing arrangements requiring or benefiting from use of the same 
line-buffers and filter to implement in combination, several previously discrete operational 
functions including both pixel-data vertical peaking and vertical scaling. While the present 
invention is not necessarily limited to such applications, an appreciation of various aspects of 
the invention is best gained through a discussion of examples in such an environment. 

Consistent with a general embodiment, the present invention is implemented in the 
form of a data processing circuit having a data-manipulation circuit and a line-buffer circuit 
that are used for applications such as scan-rate conversion where a typical frame rate, e.g., 50- 
60 frames per second, is increased for resizing and other purposes. The data processing 
circuit receives data to be processed at a first rate while outputting data at a second rate, the 
second rate being different than the first rate. 
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The processing circuit includes a data-manipulation circuit and a line-buffer circuit. 
The processing circuit has a first operational mode in which data is received by the line-buffer 
circuit at a first rate and circulated through the line-buffer circuit, the circulated data being 
manipulated by the data-manipulation circuit configured to perform a first function defined by 
a first set of operating parameters, the processed data is then output for storage in a storage 
unit at the second rate. The first set of operating parameters are pre-determined from a 
convolution of a second set of operating parameters defining a second data-manipulation 
function and a third set of operating parameters defining a third data-manipulation function. 
Using the first set of operating parameters, the data-manipulation circuit is configured to 
perform the first and second functions simultaneously. 

A logic circuit is used to cause the processing circuit to switch between the first 
operational mode and another operational mode in which the circulated data is manipulated by 
the data-manipulating circuit configured to perform another function that uses a different set 
of operating parameters, or coefficients. In one general embodiment, the second set of 
operating parameters are fixed and the third set of operating parameters are tunable. 

According to another example embodiment of the present invention, the invention is 
directed to a method for using common line buffers and polyphase filter in a vertical 
processing unit in a first operational mode, the polyphase filter configured to simultaneously 
perform vertical peaking and scaling operations using the common buffer. Coefficients are 
pre-determined by convolving peaking filter coefficients with scaling polyphase filter 
coefficients. The vertical processing unit is operable in several additional modes, including 
several vertical scaling modes, and a data averaging mode by reconfiguring the polyphase 
filter to use different sets of additional coefficients available from a coefficient look-up table. 

A particular implementation of the present invention employs a programmable 
processing circuit that is programmed to perform multiple modes of operation and to switch 
between the modes in response to an external command. The method of the present invention 
performs both vertical peaking and vertical scaling operations, conventionally accomplished 
discretely in a cascade circuit arrangement, without increasing the hardware cost and the 
design complexity, and uses a single line buffer for de-coupling the input rate of two pixels 
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per cycle. A double buffering mechanism is performed at the vertical processing stage as well 
as the storage units. This implementation uses the vertical processing buffer for mirroring 
operations during peaking and scaling data-manipulations. 

In one particular example embodiment of the present invention, a pixel-processing 
arrangement combines vertical peaking and scaling operations into a common circuit using a 
single hybrid polyphase filter and line buffer circuit. Vertical peaking filter and vertical 
scaling filter functionalities are integrated into a single polyphase filter function using 
coefficients determined by performing a convolution on the desired peaking filtering 
coefficients with the desired polyphase (i.e., scaling) filter coefficients. Conventionally, a 3- 
tap filter is used in vertical peaking operations and a 6-tap polyphase filter is used uniquely in 
vertical scaling operations. In the circuit arrangement of the present invention, vertical 
peaking filtering operation is integrated into one larger (8-tap) polyphase filter, defined by 
coefficients resulting from the convolution of peaking (3-tap) filter coefficients and scaling 
(6-tap) polyphase filter coefficients in a software application. 

FIGs. 2A-2C illustrate an equivalent representation of cascade filters. FIG. 2 A shows 
a first filter 210 having an impulse response hl(n) is coupled to a second filter 220 having an 
impulse response h2(n), filter 220 following filter 210 in the cascade arrangement. Filter 
impulse responses are defined, for example, by a set of coefficients for a particular filter 
construction. An input x(n) applied to filter 210 produces first intermediate response yl(n). 
Applying yl(n) to filter 220 produces output y(n). FIG. 2B shows a first filter 210 having an 
impulse response hl(n) is coupled to a second filter 220 having an impulse response h2(n), 
filter 210 follows filter 220 in this cascade arrangement. Input x(n) applied to filter 220 
produces second intermediate response y2(n). Applying y2(n) to filter 210 again produces 
output y(n). 

For the linear, time-invariant filters of FIG. 2A-C: 

yl(n) = x(n)*hl(n) 



therefore: 
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y(n) = yl(n) * h2(n) = [ x(n) * hl(n) ] * h2(n) = x(n) * [ hl(n) * h2(n) ] 

FIG. 2C shows a hybrid filter 230 having an impulse response hl(n) * h2(n). Input x(n) 
applied to hybrid filter 230 produces output response y(n) directly. 

In the present invention, peaking coefficients (e.g., hl(n)) and scaling coefficients 
(e.g., h2(n)) are combined through a convolution performed for each phase of scaling and 
peaking filter impulse responses. 

oo 

H a emcale(p) (") = £ ^ peak ( k ) H scaie(p) (" ~ *) 
*=-« 

where "p" is the phase selected for any given pixel processing by the vertical processing 
arrangement. Assuming a peaking coefficient length of 3 (conventionally, a 3-tap filter is 
used for peaking operations), and a scaling coefficient length of 6 (conventionally, a 6-tap 
polyphase filter is used for scaling operations), the length after convolution is 3+6-1, or 8. 
Therefore, an 8-tap filter is used in the vertical processing arrangement of the present 
invention to perform both vertical peaking and vertical scaling operations. 

A single polyphase filter is configurable to perform various functions, the 
configuration being defined by a set of coefficients. Sets of coefficients are held in a 
coefficient table, the table enabling relational look-up operations. 

FIG. 3 A illustrates one example embodiment of an 8-tap table 310 holding a 
coefficient set to configure an 8-tap polyphase filter to perform peaking and scaling 
operations. As previously discussed, a convolution of vertical peaking filter coefficients and 
vertical scaling filter coefficients is performed to determine the combined peaking and scaling 
coefficients, cO - c7 respectively. 

FIG. 3B shows another example embodiment of an 8-tap table 320 containing a 
coefficient set, comprising coefficients c0' - c5\ to configure an 8-tap polyphase filter to 
perform a 6-tap scaling operation. Table 320 contains 2 zero coefficients in addition to 
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coefficients cO' - c5' filling out the 8-tap table, one zero coefficient at each end. In an 
alternative embodiment, table 320 contains coefficients defining a 6-tap combined peaking 
and scaling filter, determined by convolution of 3-tap peaking filter coefficients and 4-tap 
scaling filter coefficients (3+4-1=6). 

FIG. 3C shows another example embodiment of an 8-tap table 330 containing a 
coefficient set, comprising coefficients cO" - c3", to configure an 8-tap polyphase filter to 
perform a 4-tap scaling operation. Table 330 contains 4 zero coefficients in addition to 
coefficients cO" - c3" filling out the 8-tap table, two zero coefficients at each end. 

FIG. 3D shows yet another example embodiment of an 8-tap table 340 containing a 
coefficient set, comprising coefficients cO'" - cl'", to configure an 8-tap polyphase filter to 
perform a 2-tap averaging operation. Table 340 contains 6 zero coefficients in addition to 
coefficients cO'" - cl'" filling out the 8-tap table, three zero coefficients at each end. 

In a further embodiment of the present invention addresses the situations in which the 
sum of each phase convolution product might not be uniform, e.g., due to fixed point 
arithmetic operation round-off errors. For this case, coefficients are normalized and scaled-up 
before loading. Rounding error of the normalization is reduced by comparing the uniform 
value 256 for 8 bits or 512 for 9 bits, adding the difference back to the highest value 
coefficient to compensate for variance and to reduce the discontinuity of filter results in a 
vertical image intensity. 

The combination circuit arrangement simplifies design and verification, and is 
implemented using less "real estate" than discrete vertical peaking and vertical scaling 
circuits. Furthermore, the combined circuit arrangement of the present invention eliminates 
intermediate stall and synchronization control between circuit blocks, along with associated 
design complexity and hardware cost. Pipe stages are reduced and the resolution of filter 
products (i.e., output data) is retained. Overall functionality of the single-stage vertical signal 
processing circuit arrangement of the present invention is unchanged from the overall 
functionality of the dual-stage conventional circuit, however, total (buffer-induced) pixel data 
latency time is reduced by half to 256 cycles. 
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Consistent with the above-described circuit arrangement and method, FIG. 4 illustrates 
processing blocks arranged and configured to process pixel data in a vertical processing unit 
400 operating in one of two modes. For the throughput of the vertical processing unit 400, the 
input rate for vertical processing is two pixels per cycle and the output rate is one pixel per 
cycle due to an up conversion unit 410 always outputting two pixels in one cycle. The up 
conversion unit outputs two pixels in the vertical direction. In order to receive the pixels, 
vertical processing unit uses a buffers having 2 lines (shaded). Further, in this particular 
implementation, the length of each line buffer is adequate for storing the data corresponding 
to 128 pixels. 

In a more particular example embodiment, vertical processing is implemented to 
perform vertical linear or non-linear sampling for a video signal input, and an 8-tap,_64rphase 
polyphase filter is used for vertical peaking and vertical scaling (e.g., expansion and 
compression) operations. Data is circulated in the line buffer of the vertical processing unit 
depending on the peaking function, scaling factor and geometrical position of output sampling 
pixels. In this regard, the polyphase filter is adapted to filter the same pixels during each of 
peaking and/or scaling (z.e, expansion) operations. During a compression operation, some 
lines of pixels can be skipped. The buffer is used in part, for de-coupling the input rate of 
incoming pixels for the filtering operations. 

In FIG. 4, vertical processing unit 400 produces processed pixel data at a rate of one 
pixel per cycle for storage in a memory (or storage unit) 412. The vertical processing unit 400 
includes a polyphase filter having filtering stage 414 and coefficients table 416, a line-buffer 
circuit 418 including twelve line buffers and control circuitry 420. Control circuitry 420, 
which is implemented as logic or as a software routine for a programmable processor, is 
adapted to circulate pixel data through the line-buffer circuit for combined vertical peaking 
and scaling operations using a polyphase filter where the circulation of data through the line 
buffers depends on a scaling factor. In this manner, the vertical processing circuit receives the 
pixel data at two pixels per cycle, performs peaking and scaling operations simultaneously, 
and then outputs the processed pixel data for storage in the storage unit at a rate of one pixel 
per cycle. 
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The circuitry 420 also includes logic that is configured and arranged to cause the 
vertical processing circuit to switch between a first (i.e., combined peaking and scaling) 
operation mode and an Nth (e.g., scaling only or averaging) operational modes. Via 
programming or another external prompt, the circuitry 420 re-configures the operation of the 
polyphase filter (414 and 416 of FIG. 4), for example by changing filter coefficients, and 
controls the line-buffer circuit 418 so that the received pixel data is double-buffered in the 
line-buffer circuit 418 using two of the line buffers and mirroring data is synchronized for 
processing appropriately. 

An optional dithering circuit 430 is used when the application requires, to dither the 
■: data from nine bits to eight bits before the data is presented to the storage unit 412. 

fl Accordingly, various embodiments have been described as example implementations 

4S of the present invention for saving hardware and offsetting complexity in pixel-data 

y,| processing applications. In various implementations of the present invention, the number of 

J* line buffers required is reduced significantly, there is no extra cost in terms of hardware or 

design complexity, and throughput is not adversely affected by the combined polyphase 



q filtering operation. 

The present invention should not be considered limited to the particular examples 
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described above. Various modifications, equivalent processes, as well as numerous structures 
to which the present invention may be applicable fall within the scope of the present 
invention, as fairly set forth in the appended claims. 
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